ABSTRACT With the advent of the 5G era, the number of user terminals has increased dramatically. However, the limitation of pilot resources results in pilot reuse among user terminals, which makes the performance of massive multiple-input-multiple-output (MIMO) systems constrained by pilot contamination. In this paper, we propose a pilot allocation algorithm based on coalitional game theory to minimize the error of channel estimation in distributed MIMO systems. The simulation results show that the performance of the algorithm is very close to the exhaustive method with low complexity and far better than the random pilot reuse.
large-scale antenna arrays located at BSs are replaced by some remote antenna units (RAUs). All RAUs are deployed in the cell dispersedly and controlled by base processing unit (BPU). The weaker correlation between the antennas of RAUs provides higher spatial diversity/multiplexing gain. At the same time, the distance from users to the BSs is greatly shortened, which reduces the path loss of the signal and improves the coverage of communication [10] , [11] . For a specific user, when the transmitted signal arrives at the RAUs in different positions, it has different fading information, so that each RAU can be used for signal collaborative processing.
Due to the limited time and frequency resources, users have to reuse limited orthogonal pilots, which leads to pilot contamination [12] . In terms of mitigating the impact of pilot contamination, many possible solutions have been proposed in recent works. In [13] , a method of modifying the frame structure is proposed so that the pilots can be transmitted in non-overlapping time slots of each cell. The results show that this method can significantly improve the system capacity. However, it only considers pilot contamination between cells while intra-cell interference is ignored. The asymptotic orthogonality between channel vectors in massive MIMO system is considered in [14] . Thus, the eigenvalue decomposition method can be used to estimate the CSI according to the covariance matrix of the received signal without utilizing contaminated pilot signals, but the covariance matrix is difficult to obtain in some scenarios. In addition, [15] indicates that the transmission time of the pilot signal can be changed, which means each user remains silent at a specific period while the pilot sequence is repeatedly transmitted at other periods. This scheme does not need to know the channel covariance matrix of the desired user and the interfering user, which has certain advantages compared with [14] , but its time slot utilization is not favorable.
Pilot allocation algorithm is a hot topic in all studies to mitigate pilot contamination. The main idea is to find a suitable pilot reusing strategy to reduce the channel estimation error. A pilot assignment algorithm based on vertex graph-coloring problem was put forward in [16] . This method transforms the pilot reusing problem between multiple cells into a vertex graph-coloring problem. While in its scenario, pilot contamination only exists between different cells because users' pilots in one cell are orthogonal to each other, which means each pilot can only be used once in one cell. Recently, game theory has become more widely used in the field of communication. Reference [17] uses the relevant theory of game theory to illustrate the stability of cooperation between transmitter nodes on multiple access channels. The results prove that the game of ideal zero cost transmitter cooperation over a MAC is stable and can improve achievable rates of users. In [18] , with the theory of the coalitional game, a pilot sharing scheme between cells was proposed. In this problem scenario, cells in the same coalition can share their pilots, which can increase the number of orthogonal pilots in each cell. However, the above studies all focus on co-located antenna system (CAS), while their performance can not be guaranteed in distributed MIMO systems. Therefore, this paper mainly concentrates on reducing the effects of pilot contamination in distributed MIMO systems.
In this paper, we use the theory of coalitional game to design a pilot assignment algorithm in distributed MIMO systems. Users are considered as players in our settings, and the purpose of the game is to find a partition to cluster the players. Users in the same coalition share the same pilot. The algorithm starts from random clustering. Then, each user will move to the willing coalition according to his preference functions about all coalitions by iterations. In the end, it will stop at a stable state, which means each user can not find a better coalition to enter. The convergence of this algorithm is guaranteed by [19] and will be discussed in section III.
Outline: In section II, we introduce the system model, as well as the expression of the channel estimation error, which will be used to design the preference function. In section III, the coalitional game model and the designing process of preference function is discussed. What is more, a convergent algorithm is proposed. Then, we simulate the proposed algorithm in section IV before the conclusion in section V.
II. SYSTEM MODEL
A single cell distributed MIMO system is considered in this paper. In this cell, there are M RAUs and K single antenna users. Each RAU is equipped with N antennas. Fig. 1 shows a typical distributed MIMO system, in which there are 7 RAUs and 3 users.
A. CHANNEL MODEL
The channel vector h k ∈ C MN ×1 from the kth user to all RAUs is given as:
where k = diag γ 1,k , . . . , γ M ,k ⊗ I N is the large scale fading matrix from the kth user to all RAUs, and ⊗ means the Kronecker product. γ m,k is the large scale fading parameter from the kth user to the mth RAU. w k ∈ C MN ×1 is the small scale fading vector from the kth user to all RAUs and each element in w k obeys CN (0, 1). I N is the N -order identity matrix.
B. UPLINK PILOT TRAINING AND CHANNEL ESTIMATION
In the uplink pilot training, users transmit their pilot sequences to the RAUs. Then, the BPU utilizes the received signal to estimate the CSI. The pilot sequence of the kth user can be given as:
where L is the number of the available orthogonal pilots. p k satisfies the equation p k 2 = 1. Define ρ kj to describe the correlation between the pilot sequences of the kth user and the jth user, which can be given as:
where ρ kj = 0 means the two sequences are orthogonal.
denote the pilot matrix of all users. If assume that all users send their signal with unit power, the received signal matrix Y ∈ C MN ×L at BPU can be given as:
where N ∈ C MN ×L denotes the additive noise matrix, which contains independently and identically distributed (i.i.d) circularly symmetric complex Gaussian (CSCG) random variables with zero mean and σ 2 variance. In order to estimate the CSI of user k, we correlate the received signal matrix Y with the pilot sequence of the kth user firstly, which can be given as:
The components of n k are also CSCG random variables with zero mean and σ 2 variance because p k 2 = 1. If K < L, it means every user's pilot is orthogonal to others. Under this circumstance, (5) can be written as
By utilizing the minimum mean-square error (MMSE) estimator [20] , the estimation of h k can be computed as:
where
Based on the above analysis, the mean square error (MSE) of h k can be calculated as:
In order to measure the overall channel estimation performance of all users, the normalized mean square error (NMSE) [21] is defined as:
III. PILOT ALLOCATION ALGORITHM BASED ON HEDONIC GAME THEORY
As we can see from (8) , the channel estimation performance is mainly determined by the pilot correlation coefficients, which depends on the pilot allocation scheme. Hence, how to find a suitable pilot assignment to minimize the NMSE is critical. In this section, the problem of minimizing the NMSE is formulated and an algorithm based on game theory is proposed to solve it.
A. PROBLEM FORMULATION
To illustrate how the algorithm works, we introduce a definition in [19] as follows.
which indicates a partition of the set S = {1, · · · , K } is defined as a coalition partition. It satisfies:
where subsets C i are called coalitions. If given and element i, C (i) denotes the coalition which contains the ith user.
Assume that there are L orthogonal pilots in the system, and K users constitute the set S = {1, · · · , K }. When K > L, users have to reuse pilots which will lead to pilot contamination. Thus, the goal is to find a coalition partition which contains L sets to make the NMSE of the channel estimation as small as possible. It is worth noting that users in the same coalition will share the same pilot.
Under the analysis above, the problem that minimizing NMSE can be formulated as the following optimization problem:
where the objective function is the NMSE, which is related to the user set S and coalition partition . The constraints guarantee that all orthogonal pilots are allocated.
B. HEDONIC GAME MODEL
In this section, the hedonic game model is utilized to solve (10). According to [19] , a game (S, ≺) is a set of players and a series of preferences which will be explained as follows.
Definition 2 (Preference Function):
Denote the preference function of player k to coalition i as i k (C i , ), which indicates the tendency degree of the kth user to C i under coalition partition . For the two preference functions i k (C i , ) and
, it means that the user k prefers to enter C i rather than C j . It can also be denoted as C i k C j .
If each player's preference is completely determined by the identity of other members of his coalition, this game model is hedonic [19] . From (7), MSE h k is only relevant to those users who use the same pilot with user k. Therefore, it is possible to transform the pilot allocation problem into a hedonic game. Then, we introduce the convergence of hedonic game model, which is called Nash stable.
Definition 3 (Nash Stable): A coalition partition is Nash stable only when any player i, C (i) i C j ∪ {i} for all C j ∈ ( ∪ {∅}).
According to [19] , if players' preference functions are additively separable and symmetric, an Nash stable coalition partition exists. It means that if i k (C i , ) can be written as
v kj (12) where v kj denotes the preference of user i to user j and v kj = v jk , then the Nash stable coalition partition exists. Based on the analysis above, we just need to construct a preference function between user k and j that satisfies v kj = v jk . In the context of this paper, the purpose of clustering is to minimize the NMSE. It is natural that MSE can be used to construct the preference function. In order to satisfy the property of preference function, the preference of user k to user j can be defined as:
is only related to the coalition in which user k is located. It is obvious that this definition is additively separable and satisfies the symmetry. When
Then, a player's action called Transfer is needed to illustrate the coalitional game. For example, there exists two coalition partitions 1 and 2 . User k is in C i under 1 and in C j under 2 . Apart from this, 1 is the same as 2 . In this case, user k is willing to leave C i to enter C j if and only if
C. PROPOSED PILOT ALLOCATION ALGORITHM
In this section, a user transfer algorithm that can converge to the Nash stable state is proposed. The algorithm starts from random clustering and achieves Nash stable state when it stops. In this algorithm, the variable s is used to determine whether the algorithm converges. The complexity of the proposed algorithm is also considered and compared with the exhaustive method. It can be calculated that the complexity of exhaustive method is O(L K ). As for the proposed algorithm, the complexity can be expressed as O(KL), which is much lower than the exhaustive method.
IV. SIMULATION RESULT
In this section, we simulate the performance of the proposed algorithm. A single cell distributed MIMO system with radius r = 500m is considered. Assuming that users are randomly distributed, RAUs are evenly deployed as Fig.2 shows. The specific simulation parameter settings are shown in for user k in S do 3: for C i in b do 4: if k / ∈ C i then 5: Calculate i k C i ∪ {k} , ; 6: end if 7: end for 8: Save the maximum value in all i k C i ∪ {k} , as m and the coalition index i 0 ; 9:
User k enters coalition i 0 ; if s = |S| then 16: break; 17: end if 18: end if 19: end for 20 : end while 21 : method has the best performance, its complexity grows exponentially with the increase of the number of users and orthogonal pilots, which can not be used in real systems. For this reason, the NMSE performance of the exhaustive method when K = 32 is not presented in Fig.3 . It can be seen from Fig.3 that the performance of the proposed game method is very close to that of exhaustive method, and much better than that of random pilot reuse.
V. CONCLUSION
In this paper, a pilot allocation algorithm based on coalitional game theory is proposed to mitigate the pilot contamination in distributed MIMO systems. Firstly, the problem is transformed into an optimization problem that minimizes the NMSE of the channel estimation. Then, a coalitional game based model is established. In order to achieve a stable structure, a symmetric and additive separable preference function based on MSE is designed. Simulation results show that the performance of proposed algorithm is close to the exhaustive method with low complexity and is far better than random pilot reuse. 
